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Abstract

Modal and chemical data indicate that 12072, 12038, and 12031, the
Apollo 12 feldspathic basalts, form a well-defined group which cannot be
related to the other Apollo 12 rock types. 12072 contains phenocrysts of
olivine and pigeonite and microphenocrysts of Ur-spinel set in a fine-
grained, variolitic groundmass. 12038 is a medium-grained, equigranular
basalt with a texture indicating it was multiply saturated. 12031 is a
coarse-grained rock with granular to graphic intergrowths of pyroxene and
plagioclase; it was also multiply saturated.

Petrologi. observations, as well as the bulk chemistry, are consistent
with the interpretation that 12031 could be derived from 12072 through
fractionation of Cr-spinel, olivine, and pigeonite, the observed phenocrys.
assemblage. 12038, however, contains more pigeonite, less olivine, three
times as much Ca-phosphate minerals, one-fifth as much troilite, and much
more sodic plagioclase than 12072. These differences indicate that 12038
must have come from a separate igneous body. Consideration of the bulk
compositions indicates that neither 12072 and 12031 nor 12038 could have
been derived from the Apollo 12 olivine, pigeonite, or ilmenite basalts by
crystal-liquid fractionation. The general petrologic similarities between
12072, 12031 and the other Apollo 12 basalts suggests that they were produced
in either the same or similar source regions. 12038, however, is petro-~
logically and chemically unique, and is probably exotic to the Apollo 12

landing site.



Introduction

12038 was among the first group of Apollo 12 basalts to be analyzed
(LSPET, 1970), and it was immediately singled out as being diiferent. In
particular, LSPET noted that 12638 had a composition similar to that of
the eucrites (basaltic achondrites). The uniqueness cf 12038 was confirmed
in the studies of Haskin et al. (1971), Compston et al. (1971), Cuttita et
al. (1971), Biggar et al. (1971) and Schnetzler and Philpotts (1971). All
of these workers except Biggar et al (1971) concluded that it would be
either difficult or impossible to derive 12038 from the other Apollio 12
basalts. In addition to the chemical differences, 12038 has a distinctly
higher plagioclase content than most of the Apollo 12 basalts. This led
James and Wright (1972) to classify 12038, along with 12006, as feldspathic
basalts. Rhodes a2t al {1977) (using chemical data not available to James
and Wright), showed that 12006 should be classed as an »livine basalt.

In addition, their analyses suggested that 12031, originally classed as

an ilmenite basalt (James and Wright, 1972) is also a feldspathic basalt.
There are important differences between 12031 and 12038, however, so the
grouping was only tentative (Rhodes et al., 1977). 12072 was originally
classified as an olivine basalt (Baldridge et al., 1978) on the basis of its
superficial resemblance to the finer-grained members of that suite.
Measurement of its mode and bulk composition (this work), however, indicates
that 1t is similar to 12031, and dissimilar to the olivine, pigeonite and
ilmenite basalts. Accordingly, it is aleco termed a feldspathic basalt-.

In spite of the past problems with classificacion, the feldspathic
basalts constitute a well-defined group. Each sample fits the defining
criteria originally established by James and Wright (T102<42, A1203>11.5%.
Fe0<18%). They are all relatively feldspar-rich, and none can be related

to the other Apollo 12 rock types by crystal-liquid fractionatfcn (see



below). To further evaluate the significance of these three samples, we
have undertaken a compazative petrologic study. First, we seek to answer
the question, how are these feldspathic basalts related to one another?
With this background, the evidence against their being related to the
olivine, pigeonite or ilmenite basalts 1s summarized. Finally, the

problem of petrogenesis is considered.



Analytical Techniques

Microprobe analyses were made using a MAC-5-SA3 electron wmicroprobe
interfaced to a PDP-8/L computer for control and on-line data processing.
Each analysis was obtained by measuring on a single spot 9-15 elements in
groups of three. The data were reduced using the Bence-Albee technique.
Standard operating conditions were 15 kv accelerating voltage and 0.05uA
sample current (on brass) with beam current integration and pulse height
seiection. Reproducibilit (lo) on two "known unknown' secondary stan-
dards over a l3-month period rans d from 1-1/27% (for elements with
abundances >1%) to 3% of the amount present (for elements with abundances
0.1-1.0%) Champion et al., (1975).

Microprobe point counts were performed using a 161 Ev Si(Li) detector
interfaced to a NS-880 multichannel analyzer with dual floppy disks. For
eaclh sample we have measured the abundance, average compositicn and range
of composition of each mineral and calculated the bulk compositon from the
mass balance equations. The mathematics, software and hardware behind the
point count technique are detailed in Albee et al., (in press), and the
data reduction follows the same methods as Beaty and Albee (1978). All
mineral formulae and uovmalizations follow the algorithms given by Beaty
and Albee (1973).

General Petrogvaphy

12038 has been partially described by both Keil et al. (1971) and
Simpson and Bowie (1971). Prior to this work, however, no petrologic
studies had been undertaken on 12031 and 12072. To provide internal
consistency as well as a basis for comparison, detailed petrographic o)-

servations, microprobe analyses of the major minerals, and a microprobe



point count have been performed on each sample.
Texturally, 12072, 12038 and 12031 are drastically different from

one another. 12072 is porphyritic, with olivine and pyroxene phenocrysts
se¢ in a fine-grained, variolitic groundmass (Figure la). 12038 is
medium~grained and equigranular, with a subophitic to intergranular tex-
ture (Figure 1b). 12031 is coarse-grained, and varies from a granular,
gabbroic texture (Figure l¢) to graphic intergrowths of pyroxene and plagio-~
clase (Figure 1d). 7This textural sequence might be expected in a section
from either the top or the base to the core of a lava flow. On the other
hand, the three samples may be totally unrelated. To test these hypotheses,
it is necessary to compare the rocks in detail.
12072

| Rock 12072 consists of 6 percent subhedral, partially resorbed pheno-
crysts of olivine, rare (0.2%) microphemocrysts of Cr-spinel rimmed by
ulvéspinel and about 5 percent lath-shaped phenocrysts of pyroxene in a
variolitic-textured groundmass of pyroxene, plagioclase, and ilmenite with
minor amounts of spinel, troilite, cristobalite, Fe-mecal, apatite,
fayalite, and two immiscible glasses ( see Figure 2). The mode, average
mineral compositons and bulk composition of 12072 are listed in Table 1.

Olivine phenocrysts range from Fo76 to F°62 (Figure 3), and are

pa~tially to completely surrounded by irregular rims of pyroxene. Euhedral
Cr-spinel inclusions are common in the margins of the olivine as w21l as In
the pyroxene phenocrysts. Except where mantled by pyroxene or olivine,
gpinel is surrounded by a thin rim of ulv8spinel. The spinel cores .re
clightly zoned from Chr

gHer, Ulv., with Fe/(Fe+Mg) = 0.68 to Chr,  Her,,

6 2677711 61729

Ulv13 with Fe/(Fe+Mg) = 0.83 (Figure 3) but the rims are too small to



analyze.

Pyroxene phenocrysts consist of pinkisn augite rims (H037En39Fsza)
mantling colorless to very pale buff-colored pigeonite cores (HoloEnS6
FSEA) (Figure 3). The augite rims grade continuously into the groundmass
pyroxene. Chemically, the groundmass pyroxenes define a trend extending

137742774

and then toward pyroxferroite (Figure 3). The pyroxferroite is not

from iron-rich pigeonite (Wo,.En,6_Fs 5) to iron-rich augite (Hozsznlsts7).

optically discontinuous, and no evidence of its subsolidus breakdown was
observed. The relative abundances of Al, Ti, and Cr in the pyroxene
(Figure 3, inset) indicate that in the pigeonite phenocrysts the dominant

2 2+, 3+

substiturions are R2+A125106. R +'muzoﬁ, and R**cr¥*a1510,. During

6

crystallization firs: the amount of Cr decreases, then Al/Ti drops. The
sudden drop in Al/Ti may be related to the cnset of plagioclase crystellization
and subsequent pyroxenes apparently countain substantial R2+T13+A18106
(Figure 3).

Placioclase is present as anhedral, acicular grains averaging 0.4-0.6mm
in length intergrown with pyroxeme in the groundmass (Figure 2). Locally
adjacent plagioclase grainus are intergrowr in optical continuity, giving

rise to a poikilitic texture. Slight zon:ng is present, from An to Ang..

92 87
The amount of [151408 in the plagioclase shows a general increase from
0 to about 3 mole percent with decreasing anorthite content.

Ilmenite (Gio_l. Figuvre 3) occurs mai:ly as acicular grains <0.3mm
(Figure 2), bui some occurs ss wore irregular, wedge-shaped, or blccky
grains. Native ironm typically occurs as 25um spheres, most of which are
interstitial. More rarely, they are found included within spinel and

pyroxene grains, but never within olivine. Truoilite is present as spheroidal

Interscitial masses (10pm) with raie am-chold lnclusiouas of Fe-metal, but Lu



never found in the early-formed minerals. Cristobalite occurs as in-
terstitial, anhedral grains generally <55um in size. Ulvd8spinel is
present not only as rims on the Cr-spinel phenocrysts, but also a.

small interstitial anhedral to vermicular grains, and in intergrowths with
ilmenite. Fayalite is present as relatively large, equant crystals (up to
130um) which apparently crystallized directly from the melt, and traces of
phosphate minerals are present. In addition, two immiscible glasses are
present.

The crystallization history of 12072 can be inferred with considerable
detail because of the widespread preservation of the early-formed minerals.
Either olivine or Cr-spinel was the iiquidus phase. The presence of metal
inclusions in spinel but not olivine suggests that olivire preceeded spinel,
but alternatively, spinel may have preferentially nucleated on the metal
grains. As pigeonite began to crystallize, olivine began to dissolve in
the melt, and an immiscible metal phase appeared. While pigeonite and
spinel precipitated, the liquid became progressively depleted in Cr and
enriched in Ca. This led to the discontinuous rims of ulvdspinel on Cr-
spinel and augite on pigeonite, but the exact s2quence could not be determined.
At this puint the melt contained growing phenocrysts of pyroxene and spinel
r1d dissolving phenocrysts of olivine. Then plagioclase, ilmenite, and
cristobalite saturations occurred in rapid succession, probably over a
narvow temperature interval, and the fine-grained groundmass was produced.
By analogy with the experiments of Walker et al. (1976) the porphyritic
texture was probably prnduced by a simple, single-stage cooling history.
Sulfide saturation occurred well after plagioclase began to form. Small

amounts of fayalite and phosphates are present, but the interstitial glass



solidified before any Zr-minerals formed.
12038 |

This rock is hypidiomorphic and dom!nantly equigranular with a
very homogeneous texture. Plagioclase laths (44%) form a loose, randomly
oriented network in which pyroxene (49%) is either interstitial or par-
tially enclosed (Figure 1b). Also present are acicular ilmenite (35%,
Figure 4), interstitial cristobalite (3%, Figure 4) and trace amounts of
Ca-phosphate, fayalite, ulvﬁspinél, K-feldspar, troilite, K-glass, and
Fe-metal. In addition, a solitary grain of Cr-spinel rimmed by ulv8spinel
was observed in this study, and minor olivine was found by Keil et al.
(1971). 12038 is medium~-grained in comparison with 12072 and 12031, with
an average-grain size of about 600 microns (Fizure 1).

Although most of the pyroxene is rougly equant, several large (2.8 x

2.0mm), lath-shaped grains of pigeonite (WOllEn59F330) are present (Figure

4e) . Strictly speaking, these grains are microphenocrysts. Pigeonite is

surrounded by discontinuous rims of augite (Figure 5; see also Keil et al.,
1971) which zones to pyroxferroite (Wol7En3F380). An iron-rich pigeonite
is also present (Keil et al., 1971) which is composiﬁionally distinet from
the pigeonite cores. The zoning in Al, Ti, and Cr (Figure 5, inset) is
similar to that for the pyroxenes in 12072.

Plagioclase is typically lath-shaped, twinned and zones from about
An

Ab 01'.30th3.7 to An73Ab200r20th5 (Figure 5) with steadily increasing

827714
amounts of Fe and []51408 (Figure 5, inset). The last plagioclase to
crystallize is anhedral and poikilitically surrounds the earlier formed
minerals. The presence of small amounts of K-feldspar (0.19%) indicates

late-stage entry into the two feldspar field.

Ilmenite is invariably acicular and typically externally skeletal as



well (Figure 4d). Compositional zoning is ecsentially absent (Gio_l,
Figure 5) although small amounts of A12C3 (0.45 weight percent) and
Cr203 (0.12 wejght percent) are present (Keil et al., 1971).

Ulvdspinel (U1v81Hef Chr Simpcon and Bowie, 1971) occurs as srall

g~"r11’
anhedra included in the margins of pyroxene crystals and as interstitial
intergrowths with ilmenite. In addition, one large (ZC0 mi~ron) grain is
present, which may represent a completely reacted Cr~-spinel microphenocryst.
Fayalite tynically occurs as spongy arhedral masses with rounded inclusions -
avidence for direct precipitation from an immiscible high-Fe melt. Fayal:. te
is also present as one of the subsolidus breakdown products of pyroxferrcite,
and as rims on some of the opaque grains. Cristobalite occurs as irregular,
interstitial masses. Fe-metal is presen:c as anhedral, subrounded grains with
a very narrow size distribution centered around 10 microns. Most grains
occur in the cores of plagioclase laths, where thev may have acted as nu-
cleation sites, but metal alszo occurs in the margins of pyroxene grains and
interstitially. Much more rarely, metal is present as amocboid inclusions
within troilite. Chemicslly, the metal contains 1-4 weight percent Ni, and
1-2 weight percent Co (Simpson and Bowie, 1971). Troilite occurs as anhedral
interstitial wmasses, 20~30um. Other interstitial phases include tranquillity--
ite and baddelyite (for analyses see Simpson and Bowie, 1971}, apatite and/or
whitlockite, and traces of glass.

The paragenetic sequence of 12038 is more ambiguous than that of 12072.
Olivine and Cr-spinel were apparently the liquidus phases, but they are
present in such small amounts that their textural relations are unclear.
Although pigeonite phenocrysts are present, they are transected by plagio-

clasce laths (Figure 4c) In such a way that elther could have been the next
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mineral to crystallize. With falling temperature metal saturation
occurrer ther augite rims on the pigeonite and immiscible troilite
spheres formed. Ilmenite was the next phase to appear, o be joined
ultimately by cristobalite and the mesostasis assemblage. The toxtures
of the fayalite and the glass in the mesostasils suggest that the melt
underwent late~gstage silicate liquid immiscibility.

These textural observations are consistent with the experimental
work on 12038 of Biggar et al. (1971). Thev found that clivine was the
liquidus phase (1160°C) at one atmcsphere pressure followed by pigeonite
and plagioclase. The temperature difference between the liquidus and
entry of the third phase was only 5°, however, indicating that 12038 is
multiply saturated at low pressure. Crystallization of spinel also began
near 1160°. The avgite rims fermed at about 1140°, ilmenite at about 1090°,
troilite at 1080°, and by 1065° crystallization was complete.
12031

12031 is a coarse-grained {average grain size = 2mm, equigranular
rock with a variable texture. Graphic intergrowths of pyrozene (49%) and
plagioclase (40%) on one side of the thin section (Figur~ 1ld) give way to
a more granular, gabbroic texture on the other side (Figure lc). Elongated
and externally skeletal ilmenite (3.8%, Figure 4) cloag with tridymite
laths (Figure 1) and interstitial cristobalite constitute most of the
rest of the rock. Magnesian olivine and Cr-splnel are bcth absent, and
in contrast to both 12072 and 12038, the pyroxenes are neither lath-shaped
nor porphyritic.

Plagioclase occurs as large, anhedral, poikilitic gralns with prominent
and complicated twinning. The largest crystal is 3.5mm across, and is

bounded by tne edges of the thin section. According co the work of Walker
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et al. (1778) and Grove and Walker (1977), this indicates that 12031 has
undergone a very slow cooling rate. Compositional zoning is from AnglAb5
OrO.SOch.S to An__Ab_,Or Oth8 {(Figure 6) with []SiQOS increasing from

76712774
0 to 2 mole 7 (Figure 6, inset). Minor amounts (0.4%) of K-feldspar are
also present.

Because of the intimate way in which it is intergrown with the plagio-
clase, pyroxene ir 12021 is optically very cowmplex, and core-rim relations-
ships are difficult to decipher. Both pigeonite (WleEn56F332) and augite
(WO30En47F323) are present (Figure 6), and both apparently zone towards
more iron-rich compositions. Optically and compositionally discontinuous
grains of pyroxferroite (wuléEn3F8800th3) are also present, ranging in
size up to 2mm. As the iron content in pyroxene increases, Ti is enriched
at the expense of Al and Cr (Figure 6, inset).

Ilmenite (Gi Figure 6) has a bladed, externally skeletal habit

0-1’
(Figure 4a) and contains small amounts o Cr203 (G.132), ZrO2 )0.23%) and
Mn0 (0.25%). Fayalite is present both as discrete interstitial grains, and
a. oue of the subsolidus breakdown products of pyroxferroite. Tridymite
laths range to more than lmm in length and cristobalite is present inter-
stitially. UlvYspinel, apatite or whitlockite, tranquillityite and
baddelyite are all present in the mesostasis areas, commonly as large, well-~
formed crystals (Figure 4b). Fe-metal (2-5um) is virtually absent, but may
be found contained in plagioclase, tridymite and the margins of pyroxenes.
Troilite forms anhedral interstitial masses ranging up to 500um.

The crystallization history of 12031 1is as follows. lagioclase and

pyroxene appeared on the liquidus together, forming graphic intergrowths .s

well as discrete crystals. Mcral saturation occurred next. The very low
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amount and small size of the metal grains may indicate that much of
the dense, immiscible metal liquid was able to settle out of the melt.
Tridymite and ilmenite were the next phases to begin crystallizing, but
their relative corder is indeterminate. Tridymite laths crosscut py-
roxene and plagioclase (Figure lc) suggesting that it preceded cristobaiite,
which is interstitial. Although this sounds anomalous, textures suggesting
early tridymite and late cristobalite are also present in 12021 (Dollase et
al., 1971, and 12064 (Klein et al., 1971). Troilite saturationm, silicate
liquid immiscibility, and the mesostasis min.:rals all appeared in the late
stages of crystallization.
Discussion

By detailed comparison of these three samples, it is possible to
evaluate the hypothesis that they came from the same lava flow. If true,
tiic modes, mineral compositions, and textures would all vary in a predictable
way. In addition, each sample would have the same paragenetic sequence; and
the differences in bulk compositon would be consistent with a realistic
fractionation model. To test this hypothesis, therefore, the abundances
and compositions of the minerals, the crystzllization sequences, and the
bulk compositions will be compared.

A. Petrology and Mineralogy

Olivine and Cr-spinel are both relatively abundant in 12072 but

esgentially absent from 12038 and 12031l. This, 1in conjuaction with the
grain sizes, 1is consisteni with 12072 having been derived trom the rapidly
cooled base or top of a flow, and 12038 and 12031 from the slowly cooled
core. The most Mg-rich olivine In 12072 Is F°76’ which gives an apparent

Kd ol- 1liqg of 0.28. Although this is a little lower than K( for the com-

1



13

nositionally similar. Apollo 12 pigeonite basalts (0.30-0.33, Baldridge
et al., 1979}, it is close enough to the predicted value (Longhi,

1977) that 12072 probably crystallized from a liquid of the

composition of the sample as it is now constituted. It 1is also

possible that some of the olivine crystals in 12072 are magnesian
xenocrysts which never equilibrated with the melt. By contrast,

the earliest olivine in 12038 has not been preserved (Fo Keil

60°
et al., 1971), and in 12031 it is completely absent.

The pyroxene crystallization trends in 12072, 12038, and 12031 are
generally similar (Figure 7). Early pigeonite is followed by augite, and
then zoning proceeds to pyroxferroite and ferrohedenbergite. The com=-
positions of the earliest pigeonite and the earliest augite are variable,
however. In 12072 and 12031 pigeonite has roughly the same Fe/(Fe+Mg) ratio
as the augite (Figure 7). 1In 12038 the first augite ig much more Fe-rich
(Figure 7). This can be related to more extensive crystallization of
pigeonite in 12038 (28% of total pyroxene) as compared to 12072 (17%) and
12031 (12%) (Table 2). This difference is at odds with the one-flow hy-
pothesis~-- it is difficult to imagine a situation in which pigeonite pheno-
crysts would accumulate and olivine phenocrysts be lost (the melt densities
are distinctly less than either mineral). The average pyroxene composition
of 12038 is also somewhat unusual. 12072 and 12031 define a '"normal" igneous
differentiation trend from Wo

to Wo (Table 2}, reflecting

155737548 2257307948
the fractionation of pigeonite. 12038, however, has both higher Ca and
higher Mg/(Mg+Fe) (WO21En37FSA2) when compared to 12072, a difference which

would require the fractiomation of augite but not pigeonite. These data

suggest that 12072 and 12031 may be related by crystal-iiquid fractionation,
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but that 12038 is different.

The plagioclase in 12072 zones from An - An87, in 12038 from

92

An__ - An78, and in 12031 from An94 - An86. The average nlagioclase

85
compositions for 12072, 12038 and 12031 are An90 1° An81 1’ and An

29.6°
respectively (Table 2). Once again, if we assume that 12038 and 12031
are derived from 12072, we can test the single flow hypothesis. Frac-
tionation of Cr-spinel, pigeonite, and olivine will enrich the residual
melt in plagiocclase, without changing its average composition. Because
of the rapid cooling rate of 12072, however, its augite would contain
more CaA125106 than the more slowly cooled derivatives, and its average
plagioclase composition should be slightly less calcic. Furthermore,
plagicclase may have been slightly undercooled with respect to augite in
12072 (by analogy with the pigeonite basalts; Baldridge et al., 1979)
so its first plagioclase may bé slightly more sodic than in its fractionated
products.

The plagloclase compositions in 12072 and 12031 are in accord with
the above model. The higher orthoclase contents of plagioclase in 12031
(Figure 6) reflect a reduced amount of K-glass (Table 2). 12038, however,
1s clearly a discordant sample. Both its average and its initial plagioclase
compogitions are anomalously sodic in comparison with 12072 and 12031. To
relate them would require ma:sive plagioclase fractionation, a process in-

admissanle considering the textures present,

The abundances of troilite and apatite or whitlockite reflect a final

important aifference between these samples. Troilite and the phosphate
minerals a ‘e late-crystalliziang, Interstitial phases which should be
fractionated together. 12072 contains 0.317%7 and 0.12% of troilite aud
phosphates, reupectively (Table 2). 12031 has about double that amount:

0.71% and 0.18%, respectively. 12038, on the otbor hand, contains only
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0.06% troilite, but 0.31% phosphate minerals. This difference cannot be
accounted for by fractionation processes, but must represent a difference
in the in® "al bulk corpositions.

B. Paragenetic Sequences

The paragenetic sequences of the three samples are consistent with
their being consanguinous. 12031 and 12038 are mulriply saturated with
pyroxene and plagioclase, as would b2 expected if 12072 had lost its
olivine, Cr-spinel, and pigeonite phenocrysts. Metal saturation occurs
early and sulfide saturation late in each sample.

C. Bulk Chemistry

The bulk compositions of 12072, 12038 and 12031 are listed in Table 3.
Although slight differences exist, the three rocks are on the whole very
similar to one another. In comparison with the rest of the Apollo 12
collection (Figures 8 and 9), the three feldspathic basalts are not only
similar to one another, they are unliic the other rock types. In par;i-
cular, they may be distinguished on the basis of higher A1203, 8102 and
Ca0, and lower Fe0 and TiOz.

Although the differences within the olivine, pigeonite, and ilmenite
basalt suites are clearly produced by fractionation of olivine, Cr-spinel,
and pigeonite (Figure 8; Rhodes et al., 1977), the feldspathic basalts
are not differentiates of any of them. Plotting Mg0 (a fractionating
element) versus A1203 (a non-tractionating element) (Figure 8) 1t can be
seen that the pigeonite, olivine, and ilmenite basalts lie on a common
trend indicating olivine control. The celdspathic basalts follow a
parallel trend which is digplaced by about 2 weight percent Al,0 (Figure

273
8). The feldspathic basalts contain distinctly less Fe0O (.5.8-17.7%Z) than
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the other rock typta (Figure 9). Fractionation of olivine and pigeonite,
however, produces a late-stage iron enrichment trend. The multiply
saturated residual liquids of both the olivine-pigeonite series (12039)
and the ilmenite series (12047) contain about 20.5% Fe0 (Rhodes et al.,
1977). The multiply saturated character of 12038 and 12031 indicates that
they are also regidual liquids, but they were not derived from the
olivine, pigeonite, or ilmenite basalts. In addition, fractionation of
olivine, Cr-spinel, and pigeonite will either enrich or deplete the re-
sidual liquid in plagioclase and ilmenite together. Although plagioclase
is, in fact, higher in the feldspathic basalts, ilmenite i3 depleted. 1In
summary, the Apollo 12 feldspathic basalts form a distinct, well-defined
group which cannot be related to the other Apollo 12 rock types.

In comparison to each other, 12031 and 12038 have very similar major
element compositions (Table 3), a fact noted by Rhodes et al., (1977).
This reflects the fact that they were apparently both cotectic liquids in
equilibrium with plagioclase and pyroxene. 12038, however, has roughly twice
the concentrations of incompatible trace elements as 12031. For example,
Nazo, Ba, Ce, Eu and Zr are enriched in 12038 by factors of 2.0, 2.0, 1.9,

2.2 and 1.8, respectively (Table 3). PZOS' however, 1s concentrated by a

a factor of 2.8, and KZO by a facrtor of only 1.4. Both the fractionation
of rhe KREEP elements from one another and their high abundances indicate
that 12038 and 12031 are not related by near surface fractionation. This
corclusion agrees with that determined solely on the basis of petrology.
12072 1is chemically more primitive than 12038 and 12031, for example
it has higher Mg0, a:d Cr203, and lower TiOz, A1203, and Ca0 (Figure 9).

Except for Nazo, all of the major element data are consistenc wirh either

12031 or 12038 having been derived from 12072 chrough the loss of its
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ferromagnesian phenocrysts. 12031 has a similar sodlum content as 12072,
but 12038 contains about twice as much NaZO (Tabled). These values

are reflected in the plagioclase compositions(Table 2), and suggest that
12072 is related to 12031, but not 12038. Again, this agrees with the
petrology.

In summary, all of the petrologic, textural, and chemical data are
consistent with 12072 and 12031 havirg been derived from the same magma
body, but having undergone different cooling rates and degrees of
differentiation. 12038 is a unique sample, unrelated to either 12072

and 12031 or to the other Apollo 12 basalts.

D. Petrogenesis

Lunar petrologists have tended to group all lunar feldspathic basalts
together (e.g. Papike et al., 1976; Reid and Jakes, 1974). Included are
basaltic samples from Luna 16, Apollo 14, and Apollo 12. This miscellaneous
collection has been variously interpreted as non-mare basalts (Hubbard
and Gast, 1972), high-Al mare basalts (Ridley, 1975), and in some cases as
impact melts (James, 1973). Furthermore, glasses with the compnsitin of
the dominant rock types are rare, whereas glasses with the composition of
feldspathic basalts are common in the sonils at each mare landing gsite
(Reid and Jakes, 1974). This, in coniunétion with the orbital measurements
of Al/Si would suggest that feldspathic basalts are widespread (Mare
Fecunditatis, Oceanus Procellarum, Mare Crisium, and Mare Nubium; Reid and
Jakes, 1974). On the other hand, the abundance of high-Al glasses could
reflect the large contribution of feldspathic material frem the lunar high-
lands to the mare soills. The lack of consensus reflects the fact that the
feldspathic basalts are dissimilar to one another and have been generated

in different ways.
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There is no evidence that 12072, 12038, and 12031 were produced as
impact melts. None of the t£ree contain xencliths, a common feature in
impact melts in highlands breccias (e.g. Quick et al., 1978). The
parental liquids were not saturated in metallic iron, a condition which
has been interpreted as indicating meteoritic contamination for 14310
James, 1973). The Fe-metal globules are small, homogeneous, and in
12038 have compositions indistinguishepie from t..e metal in the olivine
basalts (Simnson and Bowie, 1971). Tte siderophile element (Au, Ag, Ir,
Re) abundances in 12038 (Anders et al., 1971; Baedecker et al., i971) are
somewhat higher than in the other Apollo 12 mare basalts, but they are an
order of magnitude less than the concentrations found in 14310 and the
lunar soils (Morgan et al., 1971; Baedecker et al., 1971; Ridley (1975).

Ail of this data suggests an absence of meteoritic contamination.

The many similarities between 12072, 12031 and the other Apol'o 12
basalts suggests that like them, these two feldspathic basalts weve derived
by partial melting of the deep lunar interior. 12072 is marginally quartz
normative, has olivine, Cr-spinel rimmed by ulvéspinel, and pigeonite rimmed
by augite phenocrysts set in a fine-grained, varioliitic groundmass - - all
of which characteristics it shares with 12011, a fine-griined pigeonite
basalt (Baldridge et al., 1979). 12011 and 12072 have identical pyroxe. 2
zoning profiles; early pigeonite is rirmed by augite, and then ferropigeonite
zones to pyroxferroite. The Cr-spinel microphenocrysts in 12072 zone from
Chr65Her2[‘Ulv11 to Chr61Her26Ulvl3, those in 12011 from ChtGSHer25U1v10 to
ChrSSHerZBUIVIb' This similarity is noteworthy considering tte wide
variety of spinels returned from the muon (see the numerous publications

of Haggerty, El Goresy). Finally, the plagloclase in 12072 zones from

whereas that in '2011 is An

Ang,_g7 92-88"
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These petrologic similarities strongly suggest that 12031 and 12072
were produced in either the same or a similar source region as that of
the other Apollo 12 basalts. Rhodes et al.,{1977) report that the trace
element abundances in 12031 are similar to those of the other Apollo 12
basalts, an observation consistent with the above interpretation. The
scarcity of basalts like 12072 suggests that it and 12031 come from a
lava flow that is either deeper in the section at Oceanus Procellarum, or
crops out further from the landing site than tlie other rock types. Be-
cause most of the surficial rocks in the lunar maria are probably samples
of the uppermost lava flows, the study of unusual rock types such as 12072
and 12031 is very important because they may be samples of deeper, more
volumetrically significant basaltic units.

The magma parental to 12038 can not be related to either 12031 and
12072 or any of the other Apollo 12 basalts. It has an unusual tface
element character (Haskin et al., 1971; Schnetzler and Philpotts, 1971;
Cuttita 2t al., 1971), along with a lower initial Sr ratio (Ccmpston et
al., 1971). 12038 is also a relatively young rock (3.28 + .21, Compston
et al., 1971; 3.11 * .05, University of Sheffield data, quoted by James,
written comm., 1979). The general chemical similarity between 12038, 12072,
and 12031 suggests that like them, 12038 was derived by partial melting of
the lunar interior. The detalled differences, along with the fact that
12038 1is unique among the lunar c~’lection, suggest that it is exotiec to

the Apollo 12 landing site.
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Figure Captions

Figure 1.
Photomicrographs of Apollc 12 feldspathic basalts. All photograpk-

re in transmitted light at the same scale for comparison. a) In 12072
olivine and pigeonite phenocryvsts are get in a fine-grained variolitic
groundmass of pyroxene, plagioclase and a variety of minor phases. b) Lath-
shaped plagioclase and equant to elongated pyroxene form an intergranular

to subophitic texvure in 12038. c¢) Portions of 12031 show a granular,
gabbroic texture. Note in particular the large tridymite laths (pale grey,
high relief) which emanate from plagioclase (white) and cross-cut the dark
gray pyroxene. d) Graphic intergrowths of pyroxene (dark grey, high relief)

occur with plagioclase (white, low relief) in 12031.

Figure 2.
Photomicrographs of 12072. a) Lath-shaped pyroxene phenocryst with

pigeonite core and augite rim. b) Olivine phenocrysts are subhedral,
sometimes embayed and set in a fine-gra’a.ed, variolitic groundmass. c)
Spinel microphenocryst.. The central darker core of Cr-spinel has a pale

rim of ulvdspinel. d) Groundmass textures in reflected light showing

acicular ilmenite (whitish-grey) anhedral pyroxene (pale grey), subhedral
to acicular plaglociase (dark grey) and very dark grey interstitial

cristobalite (irregular features).

Figure 3.

Composition of pyroxene, olivine, plagioclase, sp.nel and ilmenite in

12072.



Figure 4.
Photomicrographs of 12031 (a,b) and 12038 (c,d). a) Ilmenite (whitish-

grey) typically has an externally skeletal, blocky habit. b) Mesostasis
phases are remarkably coarse-grained in 12031 as this reflected light
photomicrograph shows. Troilite (white) is associated with spatite (mid-
grey, imperfect hexagonal sections, criss-cross surface markings) at the
junction between a pyroxene and a pyroxferroite grain (paler-grey). Some
a2nhedral plagioclase (dark grey) is also present. At the pyroxferroite
rim, where it meets the troilite, subsolidus breakdown to rayalite,
cristobalite and iron-rich pyroxene has occurred (wormy intergrowths). «c)
This view of 12038 in crossed nicols shows twinned, lath-shaped plagioclase
crosas-cutting =2 pigeonite lath. d) Ilmenite (white) in 12038 is acicular
and commonly externally skeletal. Subhedral blocky to anhedral plagioclase

(dark grey) and anhedral pyroxene (paler grey) are also present.

Figure 5.

Composition of pyroxene, plagioclase and ilmenite in 12038.

Figuxe 6.

Comporition of pyroxene, plagioclase and {lmenite in 12031.

Figure 7.

Pyroxene quadrilaterals and plagioclase histograms for 12072, 12038 and
12031. The data was collected automatically on a pre-set grid using the
electron microprobe, and is a random sawpling of the pyroxene and feldapar in

each sample. There are 500 points on each of the histograms as well as each



of the quadrilaterals. Each analysis was counte! for only five seconds, so
although there are sizeable evrors associated with individual points, the
general patterns are meaningful. in 12072 there are large emounts of augite
and ferropigeonite, aloug with small amounts of pyroxferroite. 12038 has
much Mg-pigeonite, and little augite. 12031 is dominatec by lots of
ferrohedenbergite and discontinuous pyroxferroite. By having the computer
count the number of points in selected areas of the pyroxene quadrilatecal,
we can quantitatively report (Table 2) the amounts of augite, pigeonite,
med-Fe pyroxene, high-Fe pyroxene and ferrohedenbergite.

The plagioclase histograms are more subject to error than the pyroxene
qn.adrilaterals. The abscissa is the Ca K-value divided by the Ca K-value
in anorthite. Instrument drift during the course of a run can therefore
cause the entire data spread to shift. The average plagioclase composition
(Table 2) is calculated using Ca/Si, thereby sidestepping the problem. Note
for example, that the average composition for 12072 is An90 (Table 2), but
on the histogram only a small fraction of the points are more calcic than
this. Also, because the data are only five second counts, th~ apparent
spread is much larger than that actually present in the sample. All of the
analyses less than An70 in 12031, for example, are probably spurrious. With
these problems in mind, the histograms are useful for two comparisons; the

general position of the peak and the width of the data spread.

Figure 8.
Variation of A1203 with MgO for Apollo 12 Lasalts. The Apollo 12
ilmenite, pigeonite and olivine hasalts are spread out along a commond trend

{ndicatizg oli\ 'ne control whereas the [eldwpathic basalts lie distinctly

off this trond.



Figure 9.
Variation of Ca0 with FeO for the Apollo 12 basalts. The feldspathic

basalts form a distinct cluster with lower FeD contents than the other

rocl: types.
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Table 2. Teldspathic Basalts - Apollo 12 Petrologic Swemar/

12072 12038 12031
Plagioclese 318.94 44.03 40,22
Pyroxcne 49.04 48 .8, 49 .18
Timenite 1.15 3.46 3.77
"Si0," 3.07 2.67 4.94
Mpg=olivine 5.71 <.04 absent
Fayalite ~.04 0.18 0.14
Troilite 0.31 0.06 0.71
Phosphate . 0.12 0.11 0.18
Ulvispinel 0.12 0.14 0.05
Mesostasis! .11 0.05 0.36
Cr-spinel 0.17 .04 absent
Fe-metal 0.07 <.04 0.03
K~spar ~.04 0.19 0.41

Ave. Plag (An) 90.1 83.1 90.6

Ave. Pyx Wo 15.2 20.6 21.7
Fn 37.0 36.8 30.4

Fg 47.8 42.5 47.8

Ave. Mp0Ol (Fo) 70.4 - -

Ave. 11 (Fe) ©99.7 99.6 99.4
% Pyx? low Ca 17 .4 28.4 1.8

Augite 18.0 10.2 42.7

Med TFe 47 .4 40.5 15.1

Iti Fe 16.8 20.2 29.4

Ferrohed 0.4 0.7 1.1

IMesostasis in 12077 is fine-gralned mixtures of
K-glass, silica and plagioclase. 1In 12031 and
12038 it is modal K-glass.

2
Pyroxcnes were subdivided along lines of constant
Ts content: Augite < VFsyy, Med Fo - Fsgp, Hi Fe
© Fsgg. LoCaPyx is < Woyg, and Ferrohed is <
Fnyg and -Woqq.
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12072 | 7 (2) ) FO) (ave)D| 120316
SiO2 48.14 47.1 ‘ 46.56 47.13 46.061 46.85 46.97
F102 1.81 3. 17 3.31 3.28 3.25 3.25 2.88
A1203 I1.64 12.8 12.53 13.03 12.45 12.70 12.63
FeO 17.46 17.4 17.99 17.73 17.75 17.72 16.78
MO 0.25 | 0.24  0.27  0.25 0.251  0.25 0.26
MgO 8.57 6.80 6.71 6.60 6.83 6.74 7.13]
Cal 11.38 11.4 11.62 11.43 11.48 11.48 12.25
Na,0 0.37 0.64 0.66 0.69 0.67 0.67 0.3)
£,0 0.04 0.07 0.073  0.06 0.067  0.07 0.05
P205 0.06 0.17 0.14 0.14 0.12 0.14 0.05
S 0.16 0.06 0.07 0.07 0.05
Cr203 0.40 0.31 0.27 0.32 0.30 0.35
) 100.33 100. 10 100.16 100. 34 99.87 100.24 99.73
Mg/ (Mg+Fe) .467 A4ll .399 .399 .407 404 L4631
Norm. Qtz 1.3 1.8 0.8 1.4 1.0 1.3 2.1
Sr 158 185.8 185 173 136
Ba ’ 142 120 107 119 60
Ce 25 30 15.6
Sm 80 4.23
Eu 2.20 1.00
Tb 1.9 1.19
Yb 6.3 6.05 3.7
Lu (.75 0.55
Y _;l N AE - —_ k;j5 59 A
ir 186 160 182 182 100
Nb . 12 7 9.1 9.0 7.0
He _ ) . 3.3
Sc¢ 50 o ‘DZB.Z 48.9
Cr 2210 1840 2050 2460
Co 34 25 2¢.1 26
La 20 10 12.47 )
— o
——— @~
IThis work. (2)Cuttltn et al. (1971). (3)Cnmpsrou et al. (1971). (A)Hlngur “‘E 5'1
ctal. (197D, Ouiiiis ce al. (1971). SRhodes ot al. (1977). R
*Average trace clements of 12038 (nclude data by Tavior et al. vy, ﬁ S g =

Schnetzler and Philpotes (1971), Brunfelt ot al.

(1971) and ilaskin ot

al. (LU71).



